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(57) ABSTRACT

An electron spin resonance spectrometer includes a bridge to
transmit an excitation frequency and to receive a signal fre-
quency; a probe electrically connected to the bridge and com-
prising: a first conductor in electrical communication with the
bridge to transmit the signal frequency to the bridge; a short-
ing member electrically connected to the first conductor to
transmit the excitation frequency to a sample, to produce the
signal frequency, and to transmit the signal frequency to the
first conductor; and a second conductor electrically con-
nected to the shorting member; and a magnet disposed proxi-
mate to the probe.
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ELECTRON SPIN RESONANCE
SPECTROMETER AND METHOD FOR USING
SAME

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims the benefit of U.S. Provi-
sional Patent Application Ser. No. 61/860,283 filed Jul. 31,
2013, the disclosure of which is incorporated herein by ref-
erence in its entirety.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH

[0002] This invention was made with United States govern-
ment support from the National Institute of Standards and
Technology. The government has certain rights in the inven-
tion.

BACKGROUND

[0003] Over the last several decades, the microelectronics
industry grew immensely and had a global impact on advanc-
ing commercial industries. Sales of semiconductor compo-
nents recently made up a substantial fraction of the gross
domestic product for many developed countries, which was
an outcome of a continual decrease in the size of metal-oxide-
silicon field effect transistors (MOSFETs). The miniaturiza-
tion of MOSFETs resulted in an exponential increase in inte-
grated circuit (IC) performance and a corresponding decrease
in the cost of microelectronics as predicted by Moore’s Law.
MOSFET scaling leveraged performance increases due to
reduction of the physical dimensions of the MOSFET device.
For example, transistors were produced with a minimum
channel dimension of 30 nm. At this size, atomic-scale
defects determined the performance and reliability of the
transistors, and conventional characterization methods previ-
ously used to obtain operating performance of larger transis-
tors were inadequate.

[0004] Until a few years ago, continued scaling of micro-
electronic devices implicated only a crude understanding of
atomic-scale defects, which is no longer the case. In current
nano-scale device structures, understanding the relationship
between atomic-scale defects and electronic transport is
aided by intimate knowledge of the chemical, physical, and
electronic structure of the device. As an example of the need
for understanding devices on the atomic-scale, it has been
widely reported that room temperature MOSFETs can exhibit
drive current fluctuations that are as large as 75% of an ampli-
tude of the drive current. These fluctuations, which are
referred to as random telegraph noise, limit further MOSFET
scaling. However, the origin of the fluctuations is not under-
stood. To advance development of microelectronics, over-
coming the detrimental effects of atomic-scale defects will
occur by understanding such defects, and amelioration of
these defects involves detailed spectroscopic knowledge of
their creation kinetics. Current technologies largely are inad-
equate at this level of detail.

[0005] Accordingly, methods and equipment for character-
ization of atomic-scale defects would be advantageous and
would be favorably received in the art.

BRIEF DESCRIPTION

[0006] The above and other deficiencies are overcome by,
in an embodiment, an electron spin resonance spectrometer
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comprising: a bridge to transmit an excitation frequency and
to receive a signal frequency; a probe electrically connected
to the bridge and comprising: a first conductor in electrical
communication with the bridge to transmit the signal fre-
quency to the bridge; a shorting member electrically con-
nected to the first conductor to transmit the excitation fre-
quency to a sample, to produce the signal frequency, and to
transmit the signal frequency to the first conductor; and a
second conductor electrically connected to the shorting mem-
ber; and a magnet disposed proximate to the probe.

[0007] Further disclosed is a method for acquiring an elec-
tron spin resonance spectrum, the method comprising: dis-
posing a sample in an electron spin resonance spectrometer
comprising: a bridge comprising a sample arm and a refer-
ence arm; a probe electrically connected to the bridge and
comprising: a first conductor electrically connected to the
bridge; a shorting member electrically connected to the first
conductor; and a second conductor electrically connected to
the shorting member; a detector electrically connected to the
bridge; a magnet disposed proximate to the probe and the
sample; and a modulation coil interposed between the magnet
and the sample; transmitting an excitation frequency from an
excitation source to the sample through the sample arm and
the shorting member; modulating a magnetic field present at
the sample from the magnet at a reference frequency applied
to the modulation coil; absorbing, by the sample, the excita-
tion frequency; producing a signal frequency at the shorting
member; transmitting the signal frequency from the shorting
member toward the detector; combining the signal frequency
from the sample arm and the excitation frequency from the
reference arm to produce a detection frequency; and detect-
ing, by the detector, the detection frequency as a function of
changing the excitation frequency or a magnetic field strength
present at the sample to acquire the electron spin resonance
spectrum, wherein the sample is disposed external to the
probe, the magnet, and the modulation coil.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] The following descriptions should not be consid-
ered limiting in any way. With reference to the accompanying
drawings, like elements are numbered alike:

[0009] FIG. 1 shows a diagram of an embodiment of an
electron spin resonance spectrometer;

[0010] FIG. 2 shows a diagram of an embodiment of an
electron spin resonance spectrometer;

[0011] FIG. 3 shows a longitudinal cross-section of a
probe;

[0012] FIG. 4 shows an end view of a probe;

[0013] FIG. 5 shows a perspective view of a probe that

includes a lumped circuit shorting member;

[0014] FIG. 6 shows a top view of the probe shown in FIG.
5;

[0015] FIG. 7 shows an end view of the probe shown in
FIG. 5;

[0016] FIG. 8 shows a micrograph of a shorting member;
[0017] FIG. 9 shows a micrograph of a shorting member;
[0018] FIG. 10 shows a photograph of a shorting member;
[0019] FIG. 11 shows an electron spin resonance spectrom-

eter arranged with a magnet concentrically disposed around a
probe;

[0020] FIG. 12 shows an electron spin resonance spectrom-
eter arranged with a sample interposed between a magnet and
a probe;
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[0021] FIG. 13 shows a plurality of magnets for disposal
proximate to an electron spin resonance spectrometer probe;
[0022] FIG. 14 shows an end view of a magnet with a
modulation coil disposed on a surface of the magnet;

[0023] FIG. 15 shows a cross-sectional view of the magnet
of FIG. 14,
[0024] FIGS. 16 and 17 show a graph of magnetic field

strength and excitation frequency versus time;

[0025] FIG. 18 shows a plot of magnetic field flux density
for a shorting member provided with an excitation frequency;
[0026] FIG. 19 shows a graph of absorption versus mag-
netic field strength for a solid sample of methyltriphenyl-
arsonium tetracyanoquinodimethane according to Example
1;

[0027] FIG. 20 shows a graph of absorption versus mag-
netic field strength for a solid sample of 2,2-diphenyl-1-pic-
rylhydrazyl acquired for three different excitation frequen-
cies according to Example 2;

[0028] FIG. 21 shows an arrangement of an electron spin
resonance spectrometer and a sample disposed on a stage
according to Example 3;

[0029] FIG. 22 shows a graph of normalized intensity ver-
sus x-axis position for a sample of methyltriphenyl-arsonium
tetracyanoquinodimethane according to Example 3;

[0030] FIG. 23 shows a graph of normalized intensity ver-
sus y-axis position for a sample of methyltriphenyl-arsonium
tetracyanoquinodimethane according to Example 3;

[0031] FIG. 24 shows a graph of normalized intensity ver-
sus z-axis position for a sample of methyltriphenyl-arsonium
tetracyanoquinodimethane according to Example 3; and
[0032] FIG. 25 shows a graph of absorption versus mag-
netic field strength for a liquid sample of 2,2,6,6-tetramethyl-
1-piperidinyloxy according to Example 4.

DETAILED DESCRIPTION

[0033] A detailed description of one or more embodiments
is presented herein by way of exemplification and not limita-
tion.

[0034] It has been found that an electron spin resonance
spectrometer herein disclosed is highly sensitive and pro-
duces information on, e.g., atomic scale defects. Moreover,
the electron spin resonance spectrometer includes a probe
that is operable as a surface scanning probe or as a probe for
bulk materials that provides spectroscopic characterization
of, e.g., single defect centers with nano-scale spatial resolu-
tion. Advantageously, the probe can be a near-field probe. In
addition to detecting single defect centers, the electron spin
resonance spectrometer provides comprehensive spectro-
scopic information necessary to understand their physical and
chemical nature. Moreover, the electron spin resonance spec-
trometer is arranged so that electron spin resonance spectra
are acquired without a cavity of a resonator. Consequently,
sample sizes are not limited to, e.g., a cavity size as in a
conventional electron spin resonance spectrometer. Further-
more, the electron spin resonance spectrometer herein oper-
ates in a continuous wave mode or a pulsed mode, and a
detection scheme applicable to the electron spin resonance
spectrometer includes homodyne detection or superhetero-
dyne detection.

[0035] According to an embodiment as shown in FIG. 1,
electron spin resonance spectrometer 1 includes bridge 12
interposedly connected between excitation source 16, probe
14, and detector 18. Excitation source 16 is configured to
produce an excitation frequency that is transmitted to bridge
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12. Bridge 12 includes reference arm 22 and sample arm 24
arranged such that each arm 22, 24 receives a portion of the
excitation frequency via splitter 26. Circulator 28 delivers the
excitation frequency to probe 14. At probe 14, first conductor
30 transmits the excitation frequency to shorting member 32.
Shorting member 32 subsequently transmits the excitation
frequency to second conductor 34. First conductor 32 and
second conductor 34 form a conductive pair, which are elec-
trically shorted to one another by shorting member 32. The
excitation frequency is reflected back to circulator 28 from
second conductor 34 through shorting member 32 and first
conductor 30. Circulator 28 blocks the excitation frequency
from being transmitted back in sample arm 24 to splitter 26,
excitation source 16, or reference arm 22. Instead, at circula-
tor 28, the excitation frequency reflected from probe 14 is
transmitted through sample arm 24 to combiner 38. Concur-
rently, reference arm 22 communicates the excitation fre-
quency from excitation source 16 through attenuator 40 and
phase shifter 42 so that the excitation frequency from sample
arm 24 and reference arm 22 are coincident at combiner 38
and can destructively combine. Due to destructive combina-
tion of the excitation frequency combined at combiner 38
from reference arm 22 and sample arm 24, bridge 12 is said to
be balanced. Phase shifter 42 along reference arm 22 adjusts
a phase of the excitation frequency in reference arm 22 to
match a phase of the excitation frequency from sample arm 24
at combiner 38. A phase shift of the excitation frequency
transmitted to combiner 38 arises from a difference in path
lengths along reference arm 22 and sample arm 24. At com-
biner 38, frequencies input into combiner 38 from reference
arm 22 (the excitation frequency) and sample arm 24 (the
excitation frequency reflected from shorting member 32 in
the absence of absorption by a sample) are either in phase and
constructively combine or are out of phase and destructively
combine. The resulting superposition of the combination of
the excitation frequencies from reference arm 22 and sample
arm 24 can be made to have zero amplitude (or approximately
zero amplitude) by adjusting phase shifter 42 so that bridge 12
is balanced and produces the combined frequency having
zero amplitude or a very low amplitude. However, the pres-
ence of the signal frequency at combiner 38 causes bridge 12
to become unbalanced because the signal frequency also
includes modulation at the reference frequency (e.g., the ref-
erence frequency is a carrier wave for the reflected excitation
frequency), which is not present in the excitation frequency
transmitted by reference arm 22. For the signal frequency
input into combiner 38, the output of combiner 38 is the
combined frequency that has a non-zero amplitude due to the
unbalanced condition of combiner 38.

[0036] Inanembodiment, the electron spin resonance spec-
trometer has a bridge that includes the reference arm to trans-
mit the excitation frequency to the combiner, the sample arm
that includes the circulator and is configured to transmit the
signal frequency and the excitation frequency reflected by the
shorting member to the combiner, and the combiner to bal-
ance the bridge and to transmit the combined frequency
towards the detector. Here, the bridge is configured to be
balanced in the absence of the signal frequency at the com-
biner, and the bridge is configured to be unbalanced in the
presence of the signal frequency at the combiner.

[0037] Magnet 20 is disposed proximate to probe 14 of
electron spin resonance spectrometer 1, and modulation coil
58 is disposed on a surface of magnet 20. Electron spin
resonance spectrometer 1 is configured to receive sample 36
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proximate to and externally disposed to shorting member 32
of probe 14, modulation coil 58, and magnet 20. Magnet 20
applies a magnetic field to sample 36, and modulation coil 58
modifies the strength of the magnetic field applied to sample
36. When sample 36 includes an unpaired electron, the
applied magnetic field from magnet 20 or modulation coil 58
perturbs the energy levels associated with the magnetic spin
quantum number according to the Zeeman effect. Addition-
ally, the unpaired electron may interact with certain nuclear
spins of sample 36 via the applied magnetic field, which
results in a hyperfine effect among electronic and nuclear
angular momenta. As a result, the energy levels associated
with the unpaired electron, are split as a function of the
magnetic field strength, and a transition between spin states
(m;=+'%) of the electron occurs when the excitation fre-
quency is resonant with the energy difference between two
magnetic spin states of the unpaired electron. Here, a single
unpaired electron is discussed, but sample 36 may contain a
plurality of unpaired electrons that potentially are perturbed
by the magnetic field. Thus, an electron spin resonance tran-
sition (i.e., a transition between electron magnetic spin states
given by the magnetic quantum number m,) occurs for sample
36 present in the applied magnetic field from magnet 20 (or as
modified by modulation coil 58) when the excitation fre-
quency subjected to sample 36 from shorting member 32
matches the frequency separation between the magnetic sub-
levels of the unpaired electron. In this manner, sample 36
absorbs some power from the excitation frequency from
probe 14 at shorting member 32. As a result, the amount of
power of the excitation frequency that is reflected by probe 14
to circulator 28 is less than the reflected power of the excita-
tion frequency in the absence of sample 36 undergoing an
electron spin resonance transition. As discussed below, when
an electron spin resonance transition occurs, the reflected
excitation frequency is referred to as a signal frequency
because it includes information about the reference frequency
applied to sample 36 from modulation coil 58. Moreover,
when sample 36 is absent or sample 36 does not absorb power
from the excitation frequency (because the excitation fre-
quency is not resonant with the Zeeman splitting of the energy
levels of the unpaired electron), the excitation frequency is
reflected from probe 14 to combiner 38 so that bridge 12
remains balanced.

[0038] When sample 36 absorbs power from the excitation
frequency, the signal frequency is transmitted from shorting
member 32 to circulator 28 and combiner 38. However,
bridge 12 was balanced with respect to the excitation fre-
quency reflected by probe 14 and not the signal frequency
generated at shorting member 32. In the presence of the signal
frequency at combiner 38, bridge 12 is unbalanced such that
acombined frequency output from combiner 38 has an ampli-
tude that is proportional to the signal frequency (i.e., an
amount of power of the excitation frequency that is absorbed
by sample 36).

[0039] Combiner 38 transmits the combined frequency to
detector 18. At detector 18, amplifier 44 amplifies the com-
bined frequency, the amplified combined frequency being
detected by detector 46 (e.g., a diode) to produce a detection
frequency that is transmitted to and received by phase sensi-
tive detector 48. Besides the detection frequency, phase sen-
sitive detector 48 receives and is referenced (at a frequency
and a phase) to the reference frequency from reference oscil-
lator 50.
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[0040] Reference oscillator 50 produces and transmits the
reference frequency to phase sensitive detector 48 as well as
modulation coil 58 interposed between magnet 20 and sample
36. Bias tee 56 receives the reference frequency from ampli-
fier 52 and a bias voltage from power source 54 (e.g., a sweep
generator) and transmits (as an output to modulation coil 58)
the reference frequency biased at the level of the bias voltage.
Hence, modulation coil 58 receives the reference frequency
biased at a level of the bias voltage so that modulation coil 58
modulates the magnetic field strength from magnet 20 that is
applied to sample 36. It is contemplated that modulation coil
58 is configured to receive the bias voltage, the reference
frequency, or a combination thereof. In this manner, the signal
frequency produced at shorting member 32 is modulated at
the reference frequency of reference oscillator 50 corre-
sponding to modulated absorption of sample 36 in the applied
magnetic field. In this arrangement, phase sensitive detector
48 is part of a homodyne detection system wherein an absorp-
tion of the excitation frequency by sample 36 is modulated at
the frequency of the reference frequency, and the amplitude of
the absorption is proportional to the number of unpaired
electrons (or a defect density) in sample 36 that are within an
excitation volume of shorting member 32. Furthermore,
absorption by sample 36 occurs at the frequency of the exci-
tation frequency that is resonant with the separation of the
electron magnetic spin states due to the strength of the mag-
netic field from a combination of magnet 20 and modulation
coil 58.

[0041] According to an embodiment, an electron spin reso-
nance spectrometer includes a bridge to transmit an excitation
frequency and to receive a signal frequency and a probe
electrically connected to the bridge. The probe includes the
first conductor in electrical communication with the bridge to
transmit the signal frequency to the bridge; the shorting mem-
ber electrically connected to the first conductor to transmit the
excitation frequency to a sample, to receive the signal fre-
quency from the sample, and to transmit the signal frequency
to the first conductor; and the second conductor electrically
connected to the shorting member. The electron spin reso-
nance spectrometer further includes the magnet disposed
proximate to the probe.

[0042] Insomeembodiments, as shown in FIG. 2, electron
spin resonance spectrometer 2 includes a heterodyne detec-
tion system. Here, an excitation frequency issues from exci-
tation source 16. Amplifier 78 and band pass filter 80 respec-
tively amplify and filter the excitation frequency before it is
transmitted to bridge 60 where the excitation frequency is
split by splitter 61 and transmitted to local oscillator arm 62.
Along local oscillator arm 62, the excitation frequency is
subjected to attenuation by attenuator 72 and a phase shift by
phase shifter 74 before being received by local oscillator
input 68 of mixer 64. Mixer 64 also receives a combined
frequency output from combiner 38, which is amplified by
amplifier 44.

[0043] Besides being transmitted to local oscillator arm 62,
some of the power of the excitation frequency from splitter 61
is transmitted to probe 14 via attenuator 82, pick-off tee 84,
and band pass filter 86 before being split by splitter 26 and
simultaneously transmitted through reference arm 22 and
sample arm 24 as in the embodiment shown in FIG. 1. Here,
shorting member 32 reflects the excitation frequency in the
absence of sample 36 or at a non-resonant state of sample 36
and produces the signal frequency when sample 36 reso-
nantly absorbs power from the excitation frequency. When
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the excitation frequency from reference arm 22 and sample
arm 24 are present at combiner 38, reference arm 22 and
sample arm 24 are balanced and the combined frequency that
is output from combiner 38 has a low amplitude, perhaps
zero. However, when sample 36 absorbs the excitation fre-
quency, and the signal frequency is present at combiner 38,
reference arm 22 and sample arm 24 are unbalanced. For the
unbalanced case, the combined frequency output from com-
biner 38 is proportional to the number of unpaired electrons
present in an excitation volume of shorting member 32 that
absorb power from the excitation frequency. As mentioned,
combiner 38 transmits the combined frequency to radiofre-
quency input 66 of mixer 64. Pick-offtee 76 can be interposed
between amplifier 44 and mixer 64 to allow monitoring of the
combined frequency.

[0044] Mixer 64 mixes the combined frequency at radiof-
requency input 66 and the excitation frequency at local oscil-
lator input 68 and produces a detection frequency (e.g., an
intermediate frequency) at output port 70 of mixer 64. The
detection frequency is transmitted subsequently to phase sen-
sitive detector 48, which is locked to a phase and frequency of
reference oscillator 50. In this arrangement, use of phase
sensitive detector 48 to monitor the detection frequency at a
frequency and phase ofthe reference frequency accomplishes
heterodyne detection of the resonant absorption of the exci-
tation frequency by sample 36 as a function of the excitation
frequency and magnetic field strength. Therefore, in an
embodiment, the electron spin resonance spectrometer
includes the bridge that has the local oscillator arm, which
includes the mixer, such that the bridge is configured to pro-
duce the detection frequency and to transmit the detection
frequency to the detector.

[0045] The probe can be various types of probes that trans-
mit the excitation frequency to the sample. Exemplary probes
include a coaxial cable where the second conductor shields
the first conductor (arranged as a central conductor in the
cable), a strip line probe where the first conductor and the
second conductor are metallic strips disposed on a substrate,
and the like. For the probe, the first conductor and the second
conductor are connected and electrically shorted together by
the shorting member. As shown in FIG. 3, probe 90 is, e.g., a
coaxial cable that has a terminus at firstend 92 and second end
94. Dielectric material 100 is interposed between second
conductor 98 that is surroundingly disposed about first con-
ductor 96. Shorting member 102 electrically shorts first con-
ductor 96 and second conductor 98. Joiner 104 optionally can
be interposed between shorting member 102 and first conduc-
tor 96 and second conductor 98 to increase the contact and
decrease a resistivity between shorting member 102 and con-
ductors 96, 98. Joiner 104 is an electrically conductive mate-
rial, e.g., a solder, a metal, an alloy, a conductive adhesive, and
the like. Alternatively, shorting member 102 can be in direct
physical contact with first conductor 96 and second conductor
98. Connector 106 can be present at second end 94 of probe
90. Connector 106 connects probe 90 to the bridge of the
electron spin resonance spectrometer by, e.g., connection to
the circulator ofthe sample arm of the bridge. According to an
embodiment, probe 90 and the bridge are integrated into a
monolithic structure with or without the presence of connec-
tor 106.

[0046] FIG. 4 shows a photograph of an end view at the
terminus of first end 92 of probe 90. Second conductor 98 and
first conductor 96 are arranged in a coaxial configuration and
are shorted by shorting member 102 via joiner 104 and oth-
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erwise isolated from each other by dielectric material 100.
Here, second connector 98, first conductor 96, and shorting
member 102 are copper, and joiner 104 is solder. Dielectric
material 100 is polytetrafluoroethylene.

[0047] Although the electrical response of probe 90 having
a coaxial arrangement of first conductor 96 and second con-
ductor 98 is effective to transmit the excitation frequency with
high fidelity, shorting member 110 constructed as a lumped
circuit can be used in probe 108 as shown in a perspective
view of such a shorting member in FIG. 5. In this embodi-
ment, probe 108 includes first conductor 96 and second con-
ductor 98 separated by dielectric material 100. Here, probe
108 includes shorting member 110, which is a lumped circuit.
Shorting member 110 includes first conductor extension 112
connected to first conductor 96 and also second conductor
extension 114 and auxiliary second conductor extension 114a
connected to second conductor 98. Probe tip 116 electrically
connects and short-circuits first conductor extension 112 to
second conductor extension 114. First conductor extension
112, second conductor extension 114, and auxiliary second
conductor extension 114q are disposed on basal member 118
and extend substantially parallel to one another. Auxiliary
second conductor extension 114aq is included so that shorting
member 110 has similar electrical characteristics (e.g.,
impedance, capacitance, and the like) as the coaxial portion of
probe 108 that includes first conductor 96 coaxial to second
conductor 98.

[0048] Nonconductive layer 120 can be interposed between
basal member 118 and first conductor extension 112, second
conductor extension 114, or auxiliary second conductor
extension 114a. Additionally, as shown in a top view of probe
108 in FIG. 6 and the end view of probe 108 in FIG. 7,
protrusion 122 connects probe tip 116 to first conductor
extension 112 and second conductor extension 114 such that
probetip 116 is separated from basal member 118 by distance
D2. Moreover, first conductor extension 112 and second con-
ductor extension 114 independently have length D1 and
respective widths W3 and W4. Auxiliary second conductor
extension 1144 has length D3 and width WS5. First conductor
extension 112, second conductor extension 114, and auxiliary
second conductor extension 114 have thickness T1, and the
thickness of nonconductive layer 120 and basal member 118
are respectively T2 and T3. A width of basal member 118 is
W1. Basal member 118 proximate to probe tip 116 tapers
from width W1 to width W2 at an angle 6 (shown in FIG. 6).
In this manner, probe tip 116 can be very compact, e.g.,
having a size (width W6 or thickness T1) on the nanometer
scale using nanotechnology fabrication technology such as
nanolithography, etching, atomic beam deposition, and the
like to form a structure of shorting member 108. A nano- or
micron-sized probe tip 116 provides high spatial resolution to
spectroscopically probe samples on an atomic-scale.

[0049] According to an embodiment, the electron spin
resonance spectrometer includes the shorting member that is
arranged as the lumped circuit. The shorting member includes
the first conductor extension electrically connected to the first
conductor, the second conductor extension electrically con-
nected to the second conductor, and the probe tip electrically
shorting the first conductor to the second conductor such that
the probe tip is configured to transmit the excitation fre-
quency to the sample. Here, the shorting member further
includes the basal member such that the first conductor exten-
sion and the second conductor extension are disposed on the
basal member, and the probe tip extends from the first con-
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ductor extension and the second conductor extension such
that a portion of the probe tip is not disposed on the basal
member. The portion of the shorting member that transmits
the excitation frequency to the sample is disposed external to
the magnet. Moreover, the shorting member is disposed at the
first end of the probe, and the connector is disposed at the
second end of the probe such that the connector is configured
to electrically connect the probe to the bridge. In some
embodiments, the connector is not present, but the probe is
integrally part of the bridge in a monolithic structure.

[0050] FIGS. 8 and 9 show micrographs acquired from
scanning electron microscopy of two different shorting mem-
bers 110a and 1105, which respectively have probe tip
lengths of 80 um and 2 pm. Shorting member 110c¢ shown in
the optical microscope photograph in FIG. 10 has pointed
probe tip 116 of approximately 2 pum in the horizontal direc-
tion.

[0051] The relative position of the magnet, the probe, and
the sample can be selected, e.g., to account for sample geom-
etry, aphysical property of the sample, a chemical property of
the sample, and the like. In some embodiments, as shown in
FIG. 11, an electron spin resonance spectrometer is arranged
such that bridge 202 interconnects an excitation source 200,
probe 206, and detector 204. Shorting member 208 is dis-
posed at a terminus of probe 206 with magnet 210 disposed
around probe 206 such that probe tip 208 extends beyond
modulation coil 212 disposed on a surface of magnet 210.
Here, sample 214 is opposingly disposed external to probe
206, magnet 210, and modulation coil 212. The positive Z-
and Y-axes are indicated as an inset in FIG. 11, with the
positive X-axis projecting orthogonally outward from the
plane of FIG. 11. A distance between magnet 210 and probe
tip 208 is Z1, between magnet 210 and proximate surface of
sample 214 is 72, and between probe tip 208 and proximate
surface of sample 214 is Z3.

[0052] Although the magnet is surroundingly disposed
around the probe in some embodiments, in other embodi-
ments magnet 210 is opposingly disposed to shorting member
208 such that sample 214 is interposed between probe 206
and modulation coil 212 as in FIG. 12. Here, the distances
between magnet 210 and probe tip 208 is Z1, between magnet
210 and the surface of sample 214 proximate to probe tip is
72, and between probe tip 208 and the proximate surface of
sample 214 is Z3. According to an embodiment, sample 214
is interposed between and external to magnet 210 (with
modulation coil 212) and probe tip 208 of probe 206.

[0053] The magnet can be a monolithic structure or a plu-
rality of pole pieces, and the magnet or pole pieces thereof can
have a variety of shapes, e.g., as in FIG. 13, cylindrical shape
220, annular shape 222, bar shape 224, semi-annular shape
(e.g., a horse shoe shape) 226, and the like. The magnetic
poles of the magnet can be oriented parallel to a major axis A
of the magnet (typically an axis of highest symmetry) or a
minor axis B (see orthogonal axes A and B superimposed on
magnet 220). Furthermore, for a magnet having cylindrical
symmetry such as cylindrical magnet 220 or annular magnet
222, the magnetic poles may be oriented radially from the
axis of symmetry. According to an embodiment, the magnet is
an annular magnet 222 surroundingly disposed around the
probe (see FIG. 15). In some embodiments, the magnet is a
bar magnet 224 disposed opposing the probe such that a
sample is interposed between bar magnet 224 and the probe.
In a particular embodiment, a plurality of magnets are dis-
posed proximate to the probe, e.g., a plurality of bar magnets
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224 are disposed equidistantly around probe 108 as shown for
a transverse cross section 221 of probe 108 having first con-
ductor 96, second conductor 98 coaxially disposed around the
first conductor, and dielectric material 100 interposed ther-
ebetween.

[0054] It is contemplated that an orientation of the magnet
with respect to the probe can be selected such that a major axis
A of the magnet can make any desired angle with the long axis
(Z-axis in FIGS. 11 and 12) of probe 206. According to an
embodiment, a plurality of cylindrical magnets 220 are dis-
posed about probe 108 as shown for a transverse cross-section
223 of probe 108 such that each cylindrical magnet 220 has its
major axis A orthogonal to and radially pointing to the long
axis Z of probe 108.

[0055] The magnet provides a magnetic field to the sample
as above discussed. The modulation coil is disposed on a
surface of the magnet such that the modulation coil is dis-
posed entirely or partially between the magnet and the
sample. The modulation coil can have a variety of shapes
provided that the shape is consistent with the modulation coil
modifying the magnetic field from the magnet that is applied
to the sample. As shown in FIG. 14, in an embodiment, a
bottom view of annular magnet 222 has first surface 240 and
bore 242 with modulation coil 244 in a spiral arrangement
disposed on first surface 240. Modulation coil 244 includes
first end 246 and second end 248 to electrically connect,
modulation coil 244 to the bias tee (e.g., bias tee 56, FIGS. 1
and 2) so that the reference frequency and the bias voltage can
be applied to modulation coil 244. A transverse cross-section
of'annular magnet 222 along [.-L' is shown in FI1G. 15, where
modulation coil 244 is optionally separated from annular
magnet 222 by spacer 250 that is disposed on first surface 240
opposing second surface 252 of annular magnet 222. In an
embodiment, spacer 250 is a heat sink or a temperature regu-
lator for annular magnet 222 or modulation coil 244. Spacer
250 can include an electrically conductive material (e.g., a
metal, a polymer, and the like) or an electrically insulating
material (e.g., a ceramic, a glass, a polymer, and the like).
Spacer 250 can have a magnetic permeability of free space
such that spacer 250 does not alter the magnetic field from the
magnet. Alternatively, spacer 250 can have a magnetic per-
meability such that spacer 250 can deform a shape of the
magnetic field from the magnet. It is contemplated that a heat
sink thermally contacts the magnet, the probe, or a combina-
tion comprising at least one of the foregoing. Additionally, in
some embodiments, a temperature regulator is connected to a
component of the electron spin resonance spectrometer to
regulate a temperature of the magnet, the probe, or a combi-
nation comprising at least one of the foregoing. The heat sink
or temperature regulator can be a heat exchanger, a Peltier
junction, a thermoelectric device, and the like. The heat sink
or temperature regulator can be thermostatically controlled.

[0056] The materials used in construction of the electron
spin resonance spectrometer can be selected based on, e.g., an
operational parameter of the spectrometer such as efficient
transmission of the excitation frequency, signal frequency,
combined frequency, detection frequency; a size of the elec-
tron spin resonance spectrometer, an excitation volume, a
sample; a frequency of a transmitted frequency; and the like.
For the probe, the first conductor, the second conductor, the
shorting member, the probe tip, the protrusion, the first con-
ductor extension, and the second conductor extension inde-
pendently include a metal such as aluminum, chromium,
copper, gold, molybdenum, silver, tantalum, tungsten, an
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alloy thereof, or a combination comprising at least one of the
foregoing. Further, in the lumped circuit arrangement of the
shorting member, the first conductor extension, the second
conductor extension, the auxiliary second conductor exten-
sion, or the probe tip independently can be formed in a lami-
nate structure containing a plurality of layers, e.g., a base
layer of tungsten coated with an overlayer of gold. The cross-
sectional shape of a lumped circuit element of the shorting
member, e.g., the probe tip, can have a shape effective to
transmit at the frequency of the excitation frequency or signal
frequency such as a round shape, elliptical shape, square
shape, rectangular shape, and the like. In some embodiments,
the second conductor is disposed as an external surface of the
probe in a coaxial arrangement with the first conductor. In an
embodiment, an electrical insulator, e.g., polyethylene, poly-
tetrafluoroethylene, polyvinylchloride, and the like, sur-
rounds the second conductor. In a particular embodiment, the
probe is rigid. In another embodiment, the probe is flexible.

[0057] The electron spin resonance spectrometer is scal-
able in size (e.g., to accommodate various samples) and oper-
ates over a wide frequency range (e.g., in the megahertz
(MHz) or gigahertz (GHz) frequencies). Moreover, the elec-
tron spin resonance spectrometer does not include a cavity so
that a size of a cavity or a resonant condition of a cavity does
not constrain the electron spin resonance spectrometer herein
in size, construction, configuration, excitation frequency, and
the like. In this regard, the probe can be various sizes. A total
length of the probe can be selected to access a sample at a
selected distance from the bridge, e.g., from several microme-
ters to several meters. In an embodiment, the probe has a
length from 10 um to 10 m, specifically 100 um to 1 m, and
more specifically 10 cm to 50 cm.

[0058] With reference again to FIGS. 6 and 7, first conduc-
tor 96 can have a diameter D4 from several nanometers to
several centimeters, e.g., from 200 nm to 2 cm, specifically 1
pmto 1 mm, and more specifically 100 pm to 500 pm. Second
conductor 98 can be externally and coaxially disposed to first
conductor 96 and can have an inner diameter that is radially
separated from an outer surface of first conductor 96 by a
distance effective so that the excitation frequency is effi-
ciently reflected to the circulator from shorting member 108
without interference from an external radiation frequency or
without electrical breakdown or power leakage between first
conductor 96 and second conductor 98. Further, a wall thick-
ness of second conductor 98 can be in the micrometer or
millimeter range, e.g., less than 2 mm, less than 1 mm, less
than 500 pum, and the like. An outer diameter D5 of second
conductor 98 can be any size suchas, e.g., from 1 pmto 10 cm,
specifically 10 um to 10 mm, and more specifically 500 um to
1 mm.

[0059] First conductor extension 112, second conductor
extension 114, and auxiliary second conductor extension
114a can be the same size or independently can have width
(W3, W5, W5), e.g., from 300 nm to 2 cm, specifically 2 um
to 2 mm, and more specifically 150 pm to 750 um; length (D1,
D3), e.g., from 10 nm to 10 cm, specifically 100 pm to 1 cm,
and more specifically 500 pm to 1 mm; and thickness (T1)
from 10 nm to 1 mm, specifically 1 pm to 100 um, and more
specifically 5 pm to 10 um. As indicated previously, exten-
sions (112, 114, 114a) independently can have a laminate
structure. Each layer of the laminate structure can be the same
thickness or a different thickness. In an embodiment, exten-
sion (112, 114, or 114a) has the laminate structure and
includes a plurality of layers such as a first metal layer (e.g.,
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tungsten and the like) and a second metal layer (e.g., gold and
the like) disposed on the first metal layer such that the first
metal layer has a greater thickness than the second metal
layer.

[0060] Dielectric material 100 separates and electrically
insulates first conductor 96 from second conductor 98 over
the range of frequency and power of the excitation frequency.
Dielectric material 100 can have a dielectric strength effective
for electrically insulating first conductor 96 from second con-
ductor 98. Exemplary dielectric materials include a ceramic,
a polymer, a glass, and the like. In an embodiment, dielectric
material 100 has a dielectric strength greater than or equal to
from 100 kilovolts per centimeter (kV/cm) to 10 megavolts
(MV)/em at an excitation frequency effective to excite an
electron spin transition in the sample.

[0061] In shorting member 108, probe tip 116 and protru-
sions 122 can have a same or different size as extensions (112,
114) to which they connect. Furthermore, width W6 and
thickness T1 of probe tip 116 and protrusions 122 indepen-
dently can be from 1 nm to 1 cm, specifically 1 um to 1 mm,
and more specifically 10 um to 100 pm. In an embodiment, a
length of the probe tip that is configured to transmit the
excitation frequency to the sample has a length from 500 nm
to 500 pm.

[0062] Basal member 118 on which extensions (112, 114,
114a) are disposed can include a material that is electrically
nonconductive or has a resistivity that is much greater than
that of probe tip 116 such that the excitation frequency and
signal frequency are transmitted through electrically conduc-
tive probe tip 116, protrusions 122, and extensions (112, 114,
114a) instead of through basal member 118. In an embodi-
ment, basal member 118 includes a polymer (e.g., polytet-
rafluoroethylene, polyethylene, polypropylene, propylene,
polyimide, polyamideimide, and the like), a ceramic, alumi-
num nitride, boron nitride (BN), aluminum oxide (Al,O;),
beryllium oxide (BeO), SiO, SiO,, Si;N,, Ta,Os, glass,
quartz, sapphire, silicon, gallium arsenide, or a combination
comprising at least one of the foregoing. In a specific embodi-
ment, basal member 118 is a silicon chip.

[0063] According to an embodiment, nonconductive layer
120 interposed between basal member 118 and extensions
(112, 114, 1144a) is an electrically insulating or dielectric
material such as a ceramic, aluminum nitride, boron nitride
(BN), Al,O;, BeO, SiO, SiO,, Si;N,, Ta,0s, glass, quartz,
sapphire, silicon, gallium arsenide, and the like. In one
embodiment, nonconductive layer 120 is silicon nitride.
[0064] Proximate to the probe is the magnet. The magnet
can be a permanent magnet, an electromagnet, a supercon-
ducting magnet, or a combination thereof. According to an
embodiment, the magnet is a permanent magnet that includes
an element such as aluminum, iron, nickel, cobalt, a rare earth
metal, and the like. Exemplary magnets includeanR—Fe—B
magnet (where R is arare earth element, e.g., Y, Sc, La, Ce, Pr,
Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Yb, and Lu), specifically a
Nd—Fe—B (e.g., Nd,Fe,,B) magnet, a Sm—Co magnet,
and the like. The magnet may include additional elements
(e.g.,Al,Cu, Zn, In, Si, P, S, Ti, V, Cr, Mn, Ni, Ga, Ge, Zr, Nb,
Mo, Pd, Ag, Cd, Sn, Sb, Hf, Ta, or W) in various amounts to
achieve a selected magnetic field strength or permeability.
[0065] Connected to the probe is the bridge that intercon-
nects the probe to the source and the detector. In an embodi-
ment, as shown in FIGS. 1 and 2, the bridge can include a
combination of elements such as a splitter, combiner, attenu-
ator, phase shifter, circulator, amplifier, mixer, pick-off tee,
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filter, and the like. Moreover, an element can be a variable
output element such as variable attenuator or variable phase
shifter. An additional component such as a switch (e.g., a
diode switch), isolator, waveguide, power meter, directional
coupler, and the like can be connected to the bridge, source, or
detector via, e.g., a coaxial cable to efficiently transmit the
various frequencies (e.g., the excitation frequency, signal fre-
quency, and the like). The excitation source connected to the
bridge provides the excitation frequency and can be a device
that produces an electromagnetic wave in the megahertz or
gigahertz frequency range. Exemplary excitation sources
include a klystron, a frequency synthesizer, a backward wave
oscillator, and the like. Similarly, the reference oscillator can
be a solid state oscillator. As indicated above, the detector is
a phase sensitive detector, e.g., a lock-in amplifier, having a
modulated signal (e.g., combined frequency, detector fre-
quency, and the like) as an input referenced to, e.g., the
reference frequency. In an embodiment, the lock-in amplifier
can produce the reference frequency so an output of the
lock-in amplifier connects to the modulation coil to modify
the magnetic field applied to the sample. Additional compo-
nents of the electron spin resonance spectrometer include the
reference oscillator, which can be a crystal oscillator source,
a frequency synthesizer, a function generator and the like.
Similarly, the power source for supplying the bias voltage can
be, e.g., a sweep generator and the like.

[0066] An electron spin resonance spectrometer in accor-
dance with an embodiment subjects the sample to the excita-
tion frequency and provides spectroscopic information based
on the signal frequency. Typically, the spectroscopic infor-
mation is an electron spin resonance spectrum but is not
limited thereto. In some embodiments, an electron spin reso-
nance signal at a particular electron spin resonance frequency
is acquired without acquisition of further spectral information
such as non-peak absorption electron spin resonance data.
According to an embodiment, a method for acquiring an
electron spin resonance spectrum includes disposing a
sample in an electron spin resonance spectrometer that
includes a bridge, which includes a sample arm and a refer-
ence arm, a probe electrically connected to the bridge, a
detector electrically connected to the bridge, a magnet dis-
posed proximate to the probe and the sample, and a modula-
tion coil interposed between the magnet and the sample. The
probe includes, e.g., a first conductor electrically connected
to the bridge, a shorting member electrically connected to the
first conductor, and a second conductor electrically connected
to the shorting member. The method further includes trans-
mitting an excitation frequency from an excitation source to
the sample through the sample arm and the shorting member,
modulating a magnetic field present at the sample from the
magnet at a reference frequency applied to the modulation
coil, absorbing (by the sample) the excitation frequency, pro-
ducing a signal frequency at the shorting member, transmit-
ting the signal frequency from the shorting member toward
the detector, combining the signal frequency from the sample
arm and the excitation frequency from the reference arm to
produce a detection frequency, and detecting (by the detector)
the detection frequency as a function of changing the excita-
tion frequency or a magnetic field strength present at the
sample to acquire the electron spin resonance spectrum. It is
contemplated that the sample is disposed external to the
probe, the magnet, and the modulation coil. In this manner,
the electron spin resonance spectrum is acquired from the
sample proximate to the probe and subjected to a variation in
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the excitation frequency, the applied magnetic field, or a
combination thereof. Accordingly, the electron spin reso-
nance spectrometer is configured to acquire an electron spin
resonance spectrum in response to varying the excitation
frequency present at the shorting member, a magnetic field
strength applied to the sample from the magnet, or a combi-
nation comprising at least one of the foregoing.

[0067] Inanembodiment, the electron spin resonance spec-
trum is acquired by fixing the magnetic field strength applied
to the sample from the magnet while scanning the excitation
frequency, which can be accomplished, e.g., by adjusting an
output frequency of the excitation source. Here, the magnetic
field applied to the sample can be modulated at the reference
frequency (from, e.g., reference oscillator 50, FIG. 1) at a
constant bias voltage from the power source (e.g., power
source 54, FIG. 1), as depicted in FIG. 16, which shows the
modulation of the magnetic field strength applied to the
sample at a constant bias voltage level (the lower curve asso-
ciated with the left-hand y-axis) while varying the excitation
frequency (the upper curve associated with the right-hand
y-axis).

[0068] While the magnet provides a magnetic field having
a certain magnetic field strength at the sample, the magnetic
field strength applied to the sample is modified by the bias
voltage applied to the modulation coil. Since the bias voltage
is applied to the modulation coil as current flows through the
modulation coil, the flow of the current in the modulation coil
establishes a secondary magnetic field perpendicular to the
direction of electron movement through the modulation coil.
Increasing an amount of the current through the modulation
coil, increases the strength of the secondary magnetic field
produced by modulation coil. Reversing the direction of the
current through the modulation coil reverses the direction of
the secondary magnetic field produced by the modulation
coil. A variation in a direction or strength of the secondary
magnetic field modifies the magnetic field from the magnet.
Therefore, the magnetic field applied to the sample is modu-
lated due to the variation of the secondary magnetic field
produced by the modulation coil.

[0069] According to an embodiment, as shown in FIG. 17,
the electron spin resonance spectrum is acquired by fixing the
excitation frequency (the lower curve associated with the
right-hand y-axis) while scanning the magnetic field strength
(the upper curve associated with the left-hand y-axis) applied
to the sample. This can be accomplished, e.g., by maintaining
the output frequency of the excitation source at a selected
value while the magnetic field strength applied to the sample
is modulated at the reference frequency of the reference oscil-
lator and temporally scanning the level of the bias voltage
from the power source (e.g., power source 54, F1G. 1). That s,
a direct current (DC) bias voltage that is applied to the modu-
lation coil from power source 54 is swept while the reference
frequency from reference oscillator 50 (FIG. 1) also is applied
to the modulation coil. The DC bias voltage is shown as a
dashed upper curve in FIG. 17, and the overall modulated bias
voltage (modulated at the reference frequency) that is applied
to the modulation coil is the solid upper curve superimposed
on the DC bias voltage.

[0070] Thus, the sample is subjected to the magnetic field
applied from the combination of the magnet and the modula-
tion coil. This magnetic field is modulated at the reference
frequency and causes any unpaired electrons in the sample to
experience a Zeeman splitting into a plurality of nondegen-
erate states having a frequency separation that depends on the



US 2014/0210473 Al

strength of the applied magnetic field. In addition, the probe
tip receives the excitation frequency and subjects the sample
to the excitation frequency for a portion of the sample that is
within an excitation volume of the probe tip. The excitation
volume is determined, e.g., by the geometry or size of the
probe tip. Thus, the sample is subjected to an oscillating
electric field and magnetic field from the excitation frequency
at the probe tip in addition to the applied magnetic field from
the combination of the magnet and the modulation coil. When
the excitation frequency satisfies a resonant absorption con-
dition of the unpaired electrons (i.e., the excitation frequency
is resonant with the Zeeman splitting among the nondegen-
erate states), the sample absorbs some of the power from the
excitation frequency to generate a signal frequency at the
probe tip. Since the Zeeman splitting of the plurality of non-
degenerate states is modulated at the reference frequency,
absorption is modulated at the reference frequency. As a
result, the signal frequency is modulated as a superposition of
the reference frequency and the excitation frequency.

[0071] Inanembodiment, the electron spin resonance spec-
trometer herein selectively and spatially detects unpaired
electrons in the sample. As shown in FIG. 18, a cross-section
of a terminus of a probe is superimposed on a graph of a
magnetic field flux density (units of Gauss, G) for x- and
y-coordinates of the probe. The probe has probe tip 116 that
electrically short-circuits and connects, via protrusions 122,
first conductor 112 and second conductor 114. A magnitude
and phase of the magnetic field flux density are provided in
the legend bar to the right of the graph. These data are simu-
lated from an input excitation frequency having an input
voltage amplitude of 0.5 volts and a phase of 27t/3 radians at
room temperature and atmospheric pressure. The magnetic
field flux density is stable and uniform over probe tip 116
where the sample is subjected to the excitation frequency
from the probe tip such that absorption at an electron spin
resonance frequency is localized within the excitation volume
near the probe tip. Here, the magnetic field near probe tip 116
is about 4 G, which is great enough for absorption of the
excitation frequency by unpaired electrons in a sample. Thus,
the electron spin resonance spectrometer is an absorption
spectrometer.

[0072] As indicated above, in an embodiment, the excita-
tion frequency is scanned to produce the electron spin reso-
nance spectrum. In other embodiments, the excitation fre-
quency is kept constant, and the applied magnetic field
strength is scanned to acquire the spectrum. According to
some embodiments, the excitation frequency is modulated
before being transmitted to the probe tip. Exemplary modu-
lations of the excitation frequency include frequency modu-
lation (FM), amplitude modulation (AM), phase modulation,
and the like. Furthermore, the excitation frequency can be
continuous wave or pulsed. Since the probe is not disposed in
a cavity, the excitation frequency can be pulsed, and the signal
frequency subject to detection without any delay between the
pulse of the excitation frequency and providing the detection
frequency to the detector. According to an embodiment, the
electron spin resonance spectrometer is operated with a
pulsed excitation frequency without a delay between produc-
tion of the signal frequency at the probe tip and detection of
the detection frequency because the signal frequency can be
converted to the detection frequency at any point during a free
induction decay of the absorption of the excitation frequency
at the sample. Moreover, the electron spin resonance spec-
trometer is configured to acquire the electron spin resonance
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spectrum without changing a dimension of a cavity over an
entire range of the excitation frequency and the magnetic field
strength applied to the sample.

[0073] Inthe electron spin resonance spectrometer, various
frequencies (e.g., the excitation frequency, the signal fre-
quency, the combined frequency, the detection frequency, the
reference frequency, and the like) can be present. The excita-
tion frequency is selected to excite resonantly a spin of any
unpaired electron in the sample. As such, the excitation fre-
quency can be from 1 megahertz (MHz) to 300 gigahertz
(GHz), specifically from 100 MHz to 100 GHz, and more
specifically from 1 GHz to 30 GHz. In addition, the excitation
frequency can be scanned over the entire aforementioned
range, inclusive of each frequency within the range such that
the electron spin resonance spectrometer is configured to
acquire the electron spin resonance spectrum with the exci-
tation frequency from, e.g., 1 MHz to 100 GHz, inclusive of
each excitation frequency. Further, in an embodiment, the
reference frequency applied to the modulation coil has a
frequency that is less than that of the excitation frequency
such that, for absorption by the sample, the reference fre-
quency is a carrier wave for reflected, unabsorbed excitation
frequency power within the signal frequency. The reference
frequency is, e.g., from 1 hertz (Hz) to 1 GHz, specifically 100
Hz to 100 MHz more specifically from 1 kHz to 100 kHz. In
an embodiment, the reference frequency is 100 kilohertz
(kHz).

[0074] A power of the excitation frequency can be selected
to be effective to cause resonant absorption of the unpaired
electron in the sample, e.g., from 100 femtowatts (fW) to 100
W, specifically from 3 uW to 3 W, and more specifically from
1 mW to 100 mW. According to an embodiment, the power of
the excitation frequency is from 1 mW to 100 mW in the
continuous wave mode. In the pulsed mode, the excitation
frequency can be selected in view of a duty cycle of the pulsed
excitation frequency. It is contemplated that the peak power
during pulsed mode operation is from 1 picowatts (pW) to 20
kilowatts (kW), specifically from 1 uW to 100 W, and more
specifically from 1 watts (W) to 10 W at a pulse width dura-
tion from 20 ps to 100 ps, specifically from 1 ns to 10 ps, and
more specifically from 20 ns to 500 ns with a repetition rate
from 1 Hz to 1 MHz. In an embodiment, the duty cycle is 50%
in pulsed mode operation of the excitation frequency.

[0075] The electron spin resonance spectrometer also
includes a plurality of devices that are inserted along a trans-
mission pathway of the various frequencies (e.g., the excita-
tion frequency, the signal frequency, the combined frequency,
the detection frequency, the reference frequency, and the like)
that are present. Exemplary devices include attenuators (vari-
able or fixed), combiners, splitters, amplifiers, band pass fil-
ters, switches, pick-off tees, and the like. These devices can
reduce (e.g., for an attenuator) a power of an input frequency
to thedevice by, e.g., 0 decibels (dB) to 100 dB or can increase
(e.g., for an amplifier) the power of an input frequency by,
e.g., 0dB to 100 db.

[0076] As previously described, the excitation frequency is
incident at the probe tip disposed proximate to the sample,
and a magnetic field is applied to the sample. The magnetic
field experienced by the sample is a combination of the mag-
netic fields of the magnet and the modulation coil. The mag-
net can have a field strength from 350 microTesla (uT) to 11
T, specifically from 3 mT to 4 T, and more specifically from
35 mT to 1 T. In addition, a magnitude of the strength of the
magnetic field produced by the modulation coil can be from 0
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T to 50 mT, specifically from 10 pT to 35 mT, and more
specifically from 100 pT to 1 mT at the aforementioned
reference frequency. Consequently, the strength of the mag-
netic field applied to the sample can be from 0 T to 11 T,
specifically from 3.5 mT to 3.5 T, and more specifically from
35mTtolT.

[0077] Theelectron spin resonance spectrometer herein has
numerous beneficial advantages including high sensitivity,
high resolution, fast acquisition speed, or low noise without
limiting the size or geometry of the sample. Moreover, the
electron spin resonance spectrometer can be miniaturized or
can be portable. Additionally, the probe can be compact in
size to fit in a constrained space. Furthermore, the probe
works with a sample of any shape or geometry because the
probe tip can be small relative to the sample size. A large
probe tip can be included in the probe to provide a relatively
large excitation volume without loss of sensitivity or diminu-
tion in response to signal frequency generation due to sample
absorption at the excitation frequency. Advantageously, the
electron spin resonance spectrometer is configured without a
cavity so that the excitation frequency does not depend on any
characteristic of a cavity. As such, the probe is configured to
transmit energy and not to store energy. Therefore, in an
embodiment, the electron spin resonance spectrometer has a
quality factor (Q-factor) that is essentially unity, i.e., Q=1,
specifically less than or equal to 2 and more specifically less
than or equal to 1.

[0078] Inabeneficial arrangement, the probe is a near-field
probe that can be stationary with respect to the sample or can
be scanned with respect to the sample. Thus, in some embodi-
ments, the probe is a surface scanning probe. Consequently,
the electron spin resonance spectrometer can produce spa-
tially-dependent spectra of the sample. It should be appreci-
ated that the electron spin resonance spectrometer can acquire
electron spin resonance spectra, for different types of
samples, including a fluid sample (e.g., a gas or a liquid) or a
solid sample. For a fluid sample, the fluid sample can be
stationary or flowing with respect to the probe tip. Moreover,
time-resolved electron spin resonance spectra can be
acquired either by monitoring absorption at a fixed excitation
frequency and fixed magnetic field strength or by monitoring
absorption while scanning either the excitation frequency or
magnetic field strength applied to the sample.

[0079] According to an embodiment, the electron spin
resonance spectrometer has an acquisition time of less than or
equal 10 s for a magnetic field strength scan width of 6 mT at
an excitation frequency from 8 GHzt0 9.5 GHz, e.g., at 8.845
GHz. In some embodiments, the acquisition time is less than
or equal 1 s when the excitation frequency is scanned from 8
GHz to 8.5 GHz.

[0080] The electron spin resonance spectrometer is highly
sensitive and has a high resolution. As indicated previously,
the sample is subjected to the excitation frequency for the
portion of the sample that is within the excitation volume of
the probe tip. The excitation volume is determined, e.g., by
the geometry or size of the probe tip. Therefore, it is contem-
plated that the sensitivity or resolution of the electron spin
resonance spectrometer is dependent upon the excitation vol-
ume of the probe. The excitation volume of the probe is less
than or equal to 100 mm?, specifically less than or equal to
500 pm>, more specifically less than or equal to 100 um?,
more specifically less than or equal to 10 um>. In some
embodiments, the excitation volume is from 1 um® to 500
pum?®, more specifically less than or equal to 100 um>, more
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specifically less than or equal to 10 um>. Although the probe
can be placed in a cavity, the electron spin resonance spec-
trometer herein does not include a cavity. As a result, no
energy is stored from the excitation frequency in a region
proximate to the probe tip. As such, the excitation frequency
is reflected efficiently to the bridge from the probe in an
absence of resonant absorption by the sample such that the
excitation volume does not extend substantially beyond a
near-field region of the probe tip. As used herein, the term
“near-field” refers to a length of the wavelength of the exci-
tation frequency. That is, the excitation volume extends from
the probe tip to a distance of within one wavelength of the
excitation frequency from the probe tip. Consequently, the
probe is a near-field probe, wherein a distance from the
sample to the probe tip is within one wavelength of the exci-
tation frequency. Moreover, it is contemplated that a ratio of
a volume of the sample to the excitation volume is greater
than or equal to 1, specifically greater than or equal to 10,
more specifically greater than or equal to 100, and further
specifically greater than or equal to 1000. Since a cavity is not
part of the electron spin resonance spectrometer, there is no
limitation on a size of the sample, and a size ofthe probe or the
probe tip can be tailored to be various sizes or shapes.
[0081] In terms of electron spins, the electron spin reso-
nance spectrometer has a sensitivity greater than or equal to
5x107 spins, and can acquire spectra for less than 5x107
electron spins. In an embodiment, the electron spin resonance
spectrometer has a sensitivity of a single electron spin. In
terms of electron spin density of the sample, the electron spin
resonance spectrometer can detect absorption of the excita-
tion frequency for a sample with an electron spin density that
is less than or equal to 5x10"? spins, specifically less than or
equal to 5x10'° spins and more specifically less than or equal
to 5x107 spins.

[0082] As used herein, the term “spatial resolution” (or
simply “resolution”) refers to a lateral distance of the probe
with respect to how close adjacent unpaired electrons (e.g.,
defect sites in an electrical device such as a microprocessor
chip) can be in the sample such that electron spin resonance
absorption independently can be detected by the electron spin
resonance spectrometer for each of the adjacent unpaired
electrons. An electron spin resonance spectrometer has a high
spatial resolution when a greater number of unpaired elec-
trons per unit area independently can be detected via resonant
absorption of the excitation frequency as compared with an
electron spin resonance spectrometer that has a low spatial
resolution where fewer unpaired electrons per unit area can be
detected by resonant absorption. In certain embodiments, the
electron spin resonance spectrometer is configured to obtain
a spatial resolution less than or equal to 100 micrometers
(um), more specifically less than or equal to 1 pm, and more
specifically less than or equal to 10 nm, including 5 pm or
less, 3 umorless, 1.5 umor less, 1 um or less, 800 nanometers
(nm) or less, 500 nm or less, 100 nm or less, 50 nm or less, or
10 nm or less. In an embodiment, the electron spin resonance
spectrometer has a spatial resolution from 10 nm to 10 pm.

[0083] The apparatus and processes herein are further illus-
trated by the following examples, which are non-limiting.
EXAMPLES
Example 1

Solid State Electron Spin Resonance Spectrum

[0084] A 7 microgram (ug) solid sample of methyltriph-
enyl-arsonium tetracyanoquinodimethane (methyltriphenyl-
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arsonium TCNQ) in crystalline form was disposed 1 nm from
a probe tip of an electron spin resonance spectrometer. The
sample was held at room temperature and ambient pressure
and subjected to an excitation frequency of 8.845 GHz at a
power of 2.5 mW at the tip of the probe. The excitation
frequency had a full width at half-maximum (FWHM) band-
width of 150 Hz centered about 8.845 GHz. The magnetic
field strength was scanned 35 mT while being modulated at a
reference frequency of 100 kHz at a modulation amplitude of
approximately 3 G. A lock-in amplifier referenced to the
reference frequency detected absorption by the sample. A
resulting electron spin resonance (ESR) spectrum of the
sample is shown in FIG. 19. The signal-to-noise ratio is
extremely high, and no broadening is noticeable in the spec-
trum.

Example 2

ESR Spectra as a Function of Excitation Frequency

[0085] A sample of 2,2-diphenyl-1-picrylhydrazyl (DPPH)
was prepared in the same manner as the methyltriphenyl-
arsonium TCNQ in Example 1. ESR spectra of the DPPH
sample were acquired under substantially similar conditions
as in Example 1, but the excitation frequency was set to 9.12
GHz, 9.02 GHz, or 8.92 GHz. The ESR spectrum at each
excitation frequency is shown in FIG. 20. The zero-crossing
point for each spectrum shifts to a different magnetic field
strength as predicted by the Zeeman effect.

Example 3

Scanning Probe ESR Spectra

[0086] ESR spectra for the sample of Example 1 were
acquired under identical conditions as in Example 1 except
the sample was positioned with respect to the probe tip using
a sample stage 230 (see FIG. 21) that had independent x-, y-,
and z-positioning selectivity. The center of the sample was
defined as the origin, i.e., (X, y, 2)=(0, 0, 0). The sample 214
was moved with respect to the probe tip 208 by adjusting the
sample stage 230. At each new position of the sample 214, an
ESR spectrum was acquired, and the peak absorption was
monitored as a function of position of the sample 214. For
movement of the sample along the x-, y-, and z-coordinates
(see inset of FIG. 21 for Cartesian coordinate system), nor-
malized absorption versus position respectively is shown in
FIGS. 22, 23, and 24. As expected, the normalized intensity
decreases from the center of the sample (coordinate of about
(0, 0,0)).

Example 4

ESR Spectrum of a Liquid Sample

[0087] A 300 nanoliter (nl.), 0.25 molar (M) sample of
2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO) was pre-
pared by dissolving TEMPO in ethylene glycol. The probe tip
of' the electron spin resonance spectrometer was immersed in
the sample. The sample was held at room temperature and
ambient pressure and subjected to an excitation frequency of
8.845 GHz at a power of 1 mW at the tip of the probe. The
excitation frequency had a full width at half-maximum
(FWHM) bandwidth of 150 Hz centered about 8.845 GHz.
The magnetic field strength was scanned while being modu-
lated at a reference frequency of 100 kHz at a modulation
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amplitude of approximately 3 G. A lock-in amplifier refer-
enced to the reference frequency detected absorption by the
TEMPO sample. The resulting electron spin resonance (ESR)
spectrum of the TEMPO sample is shown in FIG. 25. The
signal-to-noise ratio is extremely high, and no broadening is
noticeable in the spectrum.
[0088] While one or more embodiments have been shown
and described, modifications and substitutions may be made
thereto without departing from the spirit and scope of the
invention. Accordingly, it is to be understood that the present
invention has been described by way of illustrations and not
limitation. Embodiments herein can be used independently or
can be combined.
[0089] All ranges disclosed herein are inclusive of the end-
points, and the endpoints are independently combinable with
each other. The ranges are continuous and thus contain every
value and subset thereof in the range. Unless otherwise stated
or contextually inapplicable, all percentages, when express-
ing a quantity, are weight percentages. The suffix “(s)” as used
herein is intended to include both the singular and the plural
of the term that it modifies, thereby including at least one of
that term (e.g., the colorant(s) includes at least one colorants).
“Optional” or “optionally” means that the subsequently
described event or circumstance can or cannot occur, and that
the description includes instances where the event occurs and
instances where it does not. As used herein, “combination” is
inclusive of blends, mixtures, alloys, reaction products, and
the like.
[0090] As used herein, “a combination thereof” refers to a
combination comprising at least one of the named constitu-
ents, components, compounds, or elements, optionally
together with one or more of the same class of constituents,
components, compounds, or elements.
[0091] All references are incorporated herein by reference.
[0092] The use of the terms “a” and “an” and “the” and
similar referents in the context of describing the invention
(especially in the context of the following claims) are to be
construed to cover both the singular and the plural, unless
otherwise indicated herein or clearly contradicted by context.
“Or” means “and/or.” It should further be noted that the terms
“first,” “second,” “primary,” “secondary,” and the like herein
do not denote any order, quantity, or importance, but rather
are used to distinguish one element from another. The modi-
fier “about” used in connection with a quantity is inclusive of
the stated value and has the meaning dictated by the context
(e.g., it includes the degree of error associated with measure-
ment of the particular quantity). The conjunction “or” is used
to link objects of a list or alternatives and is not disjunctive;
rather the elements can be used separately or can be combined
together under appropriate circumstances.
What is claimed is:
1. An electron spin resonance spectrometer comprising:
a bridge to transmit an excitation frequency and to receive
a signal frequency;
a probe electrically connected to the bridge and compris-
ing:
a first conductor in electrical communication with the
bridge to transmit the signal frequency to the bridge;
a shorting member electrically connected to the first
conductor to transmit the excitation frequency to a
sample, to produce the signal frequency, and to trans-
mit the signal frequency to the first conductor; and
a second conductor electrically connected to the short-
ing member; and
a magnet disposed proximate to the probe.
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2. The electron spin resonance spectrometer of claim 1,
further comprising a modulation coil disposed on a surface of
the magnet such that the modulation coil is interposed
between the magnet and the sample,

wherein the modulation coil is configured to receive a bias
voltage, a reference frequency, or a combination com-
prising at least one of foregoing.

3. The electron spin resonance spectrometer of claim 2,
further comprising a detector connected to the bridge to
detect a detection frequency.

4. The electron spin resonance spectrometer of claim 3,
wherein the bridge comprises:

a reference arm to transmit the excitation frequency to a

combiner;

a sample arm comprising a circulator and configured to
transmit the signal frequency and the excitation fre-
quency reflected by the shorting member to the com-
biner; and

the combiner to balance the bridge and to transmit a com-
bined frequency toward the detector,

wherein the bridge is configured to be balanced in the
absence of the signal frequency at the combiner, and the
bridge is configured to be unbalanced in the presence of
the signal frequency at the combiner.

5. The electron spin resonance spectrometer of claim 4,
wherein the bridge further comprises a local oscillator arm
comprising a mixet, the bridge being configured to produce
the detection frequency and to transmit the detection fre-
quency to the detector.

6. The electron spin resonance spectrometer of claim 1,
further comprising an excitation source to produce the exci-
tation frequency and to transmit the excitation frequency to
the bridge.

7. The electron spin resonance spectrometer of claim 3,
wherein the detector is a phase sensitive detector.

8. The electron spin resonance spectrometer of claim 7,
further comprising a reference oscillator configured to trans-
mit the reference frequency to the modulation coil and to the
detector.

9. The electron spin resonance spectrometer of claim 1,
wherein the electron spin resonance spectrometer is config-
ured to acquire an electron spin resonance spectrum in
response to varying the excitation frequency present at the
shorting member, a magnetic field strength applied to the
sample from the magnet, or a combination comprising at least
one of the foregoing.

10. The electron spin resonance spectrometer of claim 1,
wherein the shorting member is a lumped circuit comprising:

a first conductor extension electrically connected to the
first conductor;

a second conductor extension electrically connected to the
second conductor; and

a probe tip electrically shorting the first conductor to the
second conductor, the probe tip configured to transmit
the excitation frequency to the sample.

11. The electron spin resonance spectrometer of claim 10,
wherein the shorting member further comprises a basal mem-
ber such that the first conductor extension and the second
conductor extension are disposed on the basal member, and

the probe tip extends from the first conductor extension and
the second conductor extension such that a portion of the
probe tip is not disposed on the basal member.
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12. The electron spin resonance spectrometer of claim 10,
wherein a length of the probe tip that is configured to transmit
the excitation frequency to the sample has a length from 500
nm to 500 pum.

13. The electron spin resonance spectrometer of claim 1,
wherein the magnet is surroundingly disposed around the
probe.

14. The electron spin resonance spectrometer of claim 1,
wherein the electron spin resonance spectrometer has an exci-
tation volume of less than 100 um>.

15. The electron spin resonance spectrometer of claim 1,
wherein the electron spin resonance spectrometer is config-
ured to receive the sample being disposed proximate to the
shorting member and external to the magnet.

16. The electron spin resonance spectrometer of claim 1,
wherein the electron spin resonance spectrometer is config-
ured to acquire an electron spin resonance spectrum in the
absence of a cavity.

17. The electron spin resonance spectrometer of claim 13,
wherein the electron spin resonance spectrometer is config-
ured to acquire an electron spin resonance spectrum with the
excitation frequency from 1 MHz to 100 GHz, inclusive of
each excitation frequency.

18. The electron spin resonance spectrometer of claim 1,
wherein the probe is a surface scanning probe.

19. The electron spin resonance spectrometer of claim 1,
wherein the probe is a non-resonant, near-field probe.

20. A method for acquiring an electron spin resonance
spectrum, the method comprising:

disposing a sample in an electron spin resonance spectrom-

eter comprising:
a bridge comprising a sample arm and a reference arm;
a probe electrically connected to the bridge and com-
prising:
a first conductor electrically connected to the bridge;
a shorting member electrically connected to the first
conductor; and
a second conductor electrically connected to the
shorting member;
a detector electrically connected to the bridge;
a magnet disposed proximate to the probe and the
sample; and
a modulation coil interposed between the magnet and
the sample;
transmitting an excitation frequency from an excitation
source to the sample through the sample arm and the
shorting member;

modulating a magnetic field present at the sample from the

magnet at a reference frequency applied to the modula-
tion coil;

absorbing, by the sample, the excitation frequency;

producing a signal frequency at the shorting member;

transmitting the signal frequency from the shorting mem-
ber toward the detector;

combining the signal frequency from the sample arm and

the excitation frequency from the reference arm to pro-
duce a detection frequency; and

detecting, by the detector, the detection frequency as a

function of changing the excitation frequency or a mag-
netic field strength present at the sample to acquire the
electron spin resonance spectrum,

wherein the sample is disposed external to the probe, the

magnet, and the modulation coil.
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